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Both in man and in animal models, changes in food intake and body composition in later life have been reported after alterations in perinatal
nutrition. Therefore, we hypothesised that early postnatal undernutrition in the rat induces permanent changes in energy balance. Food restriction
(FR) during lactation was achieved by enlarging litter size to twenty pups, whereas control animals were raised in litters containing ten pups.
Energy intake and resting energy expenditure were determined in adult males. Early postnatal FR resulted in acute growth restriction followed
by incomplete catch-up in body weight, body length and BMI. At the age of 12 months, middle-aged FR males had significantly lower absolute
resting energy expenditure (200 v. 216 kJ/24 h, P¼0·009), absolute energy intake (281 v. 310 kJ/24 h, P¼0·001) and energy intake adjusted for
BMI (284 v. 305 kJ/24 h, P¼0·016) than controls, whereas resting energy expenditure adjusted for BMI did not differ significantly between the
groups (204 v. 211 kJ/24 h, P¼0·156). The amount of energy remaining for other functions was lower in FR males (80 v. 94 kJ/24 h,
P¼0·044). Comparable data were obtained at the age of 6 months. These results indicate that in rats energy balance can be programmed by
early nutrition. A low early postnatal food intake appears to programme these animals for a low energy intake and to remain slender in adult life.
Developmental programming: Energy balance: Litter size: Rat
Epidemiological studies that linked low birth weight with
later disease1 have led to the theory of developmental pro-
gramming2. The early environment, encountered during a sen-
sitive period, is believed to influence the development and
hence the function of the organism permanently3. Humans
that are born small for gestational age represent an example
of developmental programming. These individuals are thought
to be adapted to a poor environment, and when confronted
with a rich, western, environment they have an increased
risk of insulin resistance, hypertension, obesity and CVD (col-
lectively called the metabolic syndrome) in adult life1,2. Other
examples of developmental programming are various animal
models that manipulate the perinatal nutritional environ-
ment4–6. Studies using these models have shown that,
depending on the exact nature and timing of the manipulation,
programming can act in different directions. For instance,
different effects on energy balance have been reported after
perinatal malnutrition7.
In different rat models, adult food intake8–11 and body
fat9,11–14 were either increased, decreased or unchanged.
In man, programming of energy balance has also been
reported. Although obesity rates have been reported to be
lower after perinatal malnutrition15, there are now several
studies that associate low birth weight with a more central dis-
tribution of fat16,17 and a lower lean body mass18.
An important part of the regulation of energy balance takes
place in the hypothalamus. Whereas in man, a substantial
part of the development of the hypothalamus and the brain
is completed in utero, in rats much of this development
occurs postnatally19–22. Therefore, we have used early post-
natal food restriction (FR) in rats to study developmental pro-
gramming of energy balance. We have previously shown that
raising rats in large litters reduced body weight into adult-
hood12,23 and decreased the fat percentage in adult males12.
These animals also showed disruptions in several processes
that are regulated by the hypothalamus; a delayed onset of
puberty24, impaired testicular function25 and changes in the
growth hormone axis26.
If the hypothalamus is affected in these animals, then its
regulation of energy homeostasis may also be affected,
which could ultimately lead to permanently altered energy bal-
ance. Changes in energy balance might contribute to the phe-
notype of these animals. Therefore, the aim of the present
study was to elucidate whether early postnatal FR alters
energy intake and resting energy expenditure (REE) in adult
and middle-aged male rats.
*Corresponding author: Floor Remmers, fax þ31 20 444 2422, email f.remmers@vumc.nl
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Methods
Experimental animals
Primiparous timed-pregnant Wistar rats (Harlan, Horst, The
Netherlands) arrived on day 14 or 15 of gestation and were
housed individually under controlled lighting (12 h light,
12 h dark) and temperature (21·5 (SD 0·5) 8C). Animals had
unlimited access to tap water and standard rat chow (Ssniff
R/M-H; Bio Services, Uden, The Netherlands; 12·8 kJ/g
metabolisable energy, 19·0% protein, 3·3% fat, 36·5%
starch, 4·7% sugar and 4·9% crude fibre), unless mentioned
otherwise. Pups were born spontaneously on day 22 or 23 of
gestation. From day 20 of gestation, the presence of pups
was checked daily in the morning and the first day of life
was designated postnatal day 1. On day 2, male and female
pups were allocated to either a control litter of ten pups or a
FR litter of twenty pups using computer-generated random
numbers. Male-to-female ratio was 1:1 in all fostered litters.
In large FR litters, less milk has been shown to be available
per pup than in control litters, resulting in undernutrition27.
On day 25, the pups were weaned and males were housed
two per cage, paired with another animal of the same exper-
imental group. Subsets of animals were killed at different
ages for another study. A subset of thirty-nine of the male ani-
mals in the experiment survived until the age of 1 year and
were used in the present study (sixteen controls and twenty-
three FR animals). All procedures were approved by the
Animal Experimentation Ethics Committee of the Vrije Uni-
versiteit and the VU University Medical Center in Amsterdam,
The Netherlands.
Body dimensions
Body weight was measured regularly throughout life. At the
age of 12 months (day 380), body length was measured
from the tip of the nose to the anus under pentobarbital or
O2/CO2 anaesthesia before the animals were killed for further
study. BMI was calculated as the ratio of body weight (g) to
body length (cm) squared. In a previous study, we showed
that at the age of 6 months control and FR males had a fat-
free mass (FFM) of, respectively, 76 and 81% of their body
weight12. Therefore, an estimate of FFM at 6 months was cal-
culated as 0·76 £ body weight in controls and 0·81 £ body
weight in FR males.
Food intake
Individual food intake was determined in sixteen adult and
middle-aged control animals and twenty-three FR animals at
the ages of 6 and 12 months. The animals were housed indi-
vidually at least 1 d before the measurement to become accus-
tomed to the testing cage. The food provided was weighed at
the beginning and the end of a 24 h period. Individual energy
intake was calculated from 24 h food intake and the energy
density of the diet (12·8 kJ/g).
Indirect calorimetry
REE was determined by means of indirect calorimetry in
the same sixteen control and twenty-three FR animals at
the ages of 6 and 12 months. The animals were housed
individually at least 1 d before the measurement to become
accustomed to the testing cage. All measurements were carried
out during the light, inactive, phase of the day. During
the measurements, no food and water were available. A
metabolic monitor (Deltatrac II MBM-200; Datex-Ohmeda,
Helsinki, Finland), adapted to fit the animal cages, was used to
measure resting VO2 and carbon dioxide production rate (VCO2)
every minute. The lower limit for reliable meas-
urements was 5ml/min for both VO2 and VCO2, restricting us
to the measurement of adult males; neither females nor
younger animals reached this limit of reliability. Before
each measurement, the metabolic monitor was calibrated
with a gas mixture of 95% O2 and 5% CO2. Mean VO2
and VCO2 values from stable measurements with a duration of
at least 20min and a CV #5% were used for calculations.
REE was calculated using the modified Weir formula28: REE
(kJ/24 h) ¼ 4·184 £ (5·50 £ VO2 (ml/min) þ 1·76 £ VCO2 (ml/
min)), without adjustment for urinary nitrogen excretion29. To
avoid possible effects of circadian rhythm on energy expenditure
interfering with the group effects, control and FR animals were
measured in an alternating manner. After the two energy balance
measurements were completed, the animals were socially housed
with the same individual as before.
Data analysis
The results were analysed using Statistical Product and Ser-
vice Solutions software for Windows, version 12 (SPSS
Inc., Chicago, IL, USA). All data were checked for normality
and are expressed as means with their standard errors (except
in Figs. 1 and 2, where standard deviations are shown for
better visibility). After exclusion of animals with missing
values or a CV .5% in the indirect calorimetry, data were
analysed for fourteen control and twenty-two adult FR
males at 6 months and for sixteen control and twenty-one
middle-aged FR males at 12 months. All outcome measures
were initially analysed by means of one-way ANOVA.
To confirm that the FR in the FR litters was distributed
evenly over the pups within a litter, differences in variance
of preweaning body weight between the groups were tested
using Levene’s test for homogeneity of variances. Potential
confounding effects of biological and foster dams were
tested in univariate ANOVA. Foster dam nested within
group and the interaction between biological dam and
group had no long-lasting significant effect and were omitted
in further analyses. Energy utilisation is known to correlate
with body size, and more specifically with FFM, and it has
been recommended to adjust for FFM in an ANOVA when
comparing energy utilisation between subjects with different
body compositions30,31. In a previous study we have shown
that at the age of 6 months FR males indeed have a different
body composition than controls12, confirming the need for
adjustment. At 6 months, we estimated FFM by means of
the values found in this previous study. At 12 months,
BMI was available as another estimate of body composition.
Therefore, energy balance data were tested in a univariate
ANOVA with estimated FFM (eFFM) as a covariate at 6
months and BMI at 12 months, as recommended30,31. If
these covariates did not have a significant effect, they were
omitted from the analysis.
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Results
The thirty-nine animals used in the present study were born
from twenty-one of the thirty-three dams in the complete
experiment and on day 2 were fostered to six different dams
for each group. The original litter size of the foster dams nur-
turing FR pups (12·3 (SEM 1·0) pups) was not different
from that of the foster dams that nurtured control pups (11·7
(SEM 0·8) pups, P.0·600). Nor did the original litter size of
FR pups (12·0 (SEM 0·5) pups) differ from that of control
pups (12·2 (SEM 0·5) pups, P.0·800). Of the thirty-nine
pups in this study, 85% were cross-fostered, whereas 15%
(three control and three FR animals) remained with the
same dam after the random redistribution on day 2.
Early postnatal FR resulted in a persistent reduction in body
weight, body length and BMI. Mean body weights of control
and FR rats are shown in Fig. 1. Body weight on day 2 (before
the redistribution into control and FR litters) was 7·7
(SEM 0·13) g. Body weight was lower in FR rats from day 4
until day 380 (P,0·001). Relative to control values, body
weight of FR animals decreased during lactation to 60% at
weaning. After weaning, relative body weight of FR rats
increased to 86% on day 70 and then stabilised so that on day
380 FR animals weighed 89% of control weight (Fig. 2).
During the lactation period, the variance in body weight did
not differ significantly between the groups (P.0·200), although
on day 21 there was a trend towards larger variance in the FR
group (P¼0·093). Body dimensions of FR and control rats at
6 and 12 months are shown in Table 1. At both 6 and 12
months, body weight was lower in FR males (P,0·001). At 6
months, eFFM, which was computed as 76% of body weight
in controls and 81% of body weight in FR rats, was lower in
FR animals (P¼0·029). At 12 months, body length (P,0·001)
and BMI (P¼0·024) were lower in FR animals than in controls.
At 6 months, we could not obtain measurements with a CV
below 5% for three animals (two controls and one FR rat),
despite repeated attempts. These animals were excluded
from all analyses at this time-point. At 12 months, two FR ani-
mals had to be excluded; one had to be killed prematurely, one
had missing body length data at the time of killing.
Energy intake
At both 6 and 12 months, FR animals consumed a significantly
smaller absolute amount of food than control animals (Table 2).
Energy intake correlated with estimated body composition at
both 6 months (eFFM, R 0·699, P,0·001) and 12 months
(BMI, R 0·540, P¼0·001). Energy intake was adjusted for
eFFM at 6months and for BMI at 12months to account for differ-
ences in body composition between the groups. Adjusted energy
intake at 6months (Fig. 3 (A))was lower in FRmales (285·0 (SEM
4·2) kJ/24 h) than in control males (303·4 (SEM 5·3) kJ/24 h,
P¼0·012). At 12 months, adjusted energy intake (Fig. 3(B))
was also lower inFR rats (284·4 (SEM 5·1) kJ/24 h) than in controls
(304·9 (SEM 5·9) kJ/24 h, P¼0·016).
Resting energy expenditure
Mean values for VO2 and VCO2 were 6·5 (SEM 0·1) and 6·0
(SEM 0·1) ml/min at 6 months and 6·9 (SEM 0·1) and 6·5
(SEM 0·1) ml/min at 12 months, respectively.
At both 6 and 12 months, FR animals had a significantly
lower absolute REE than control animals (Table 2). REE cor-
related with estimated body composition at both 6 months
(eFFM, R 0·870, P,0·001) and 12 months (BMI, R 0·680,
P,0·001). At 6 months, energy expenditure adjusted for esti-
mated body composition (Fig. 4(A)) was not significantly
different between FR males (192·0 (SEM 2·2) kJ/24 h) and con-
trols (198·1 (SEM 2·8) kJ/24 h, P¼0·099), nor did adjusted
energy expenditure at 12 months (Fig. 4(B)) differ signifi-
cantly between FR rats (204·1 (SEM 3·2) kJ/24 h) and controls
(211·3 (SEM 3·6) kJ/24 h, P¼0·156).
Energy intake minus resting energy expenditure
When energy balance is neutral, energy intake equals total
energy expenditure, so the difference between energy intake
and REE represents the amount of energy available for other
functions such as locomotor activity. This parameter did not
correlate with BMI or eFFM (P.0·480). Energy intake
Fig. 1. Body weight (BW) throughout the experiment and during the first
month of life (inset) of male food restriction (FR) rats (B, n 23), which were
food restricted during lactation, and male control rats (A, n 16). Values are
means with their standard deviations depicted by vertical bars (where the
error bars are not visible, they are within the symbol). Mean values of the FR
group were significantly different from those of the control group: ***P,0·001
from day 4 until 380.
Fig. 2. Body weight (BW) expressed as a percentage of control body weight
for food restriction animals (B, n 23) and control animals (A, n 16). Values
are means with their standard deviations depicted by vertical bars.
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minus REE was lower in FR rats than in control rats at both 6
(P¼0·038) and 12 months (P¼0·044; Table 2).
Discussion
In the present study, early postnatal FR of male rats resulted in
an acute reduction in growth, followed by incomplete catch-up
growth, and permanently altered energy balance. At both 6
and 12 months, FR rats consumed and expended less energy
than controls. After subtraction of REE from energy intake,
FR animals had less energy available for other functions.
When estimated adult body composition was taken into
account, energy intake was lower after FR, whereas energy
expended in rest was similar to that of controls.
Programming of energy balance. In the present study,
male FR rats remained lighter than control males until the
end of the experiment at the age of 12 months. This suggests
that early postnatal FR can programme later size. This is in
contrast to FR later in life, which has been shown to induce
reversible growth restriction with complete catch-up32,33.
BMI was also reduced in FR animals. Although BMI is not a
direct measure for fat mass, it is strongly correlated with the
percentage of body fat in both man34 and rats35. Therefore,
the present results suggest that at least in rats early postnatal
FR can programme a low level of adult adiposity. This may
be through a reduced energy intake, but from the present
data it is not possible to discern cause and effect in the relation-
ship between BMI and food intake. Although REE was reduced
in the FR animals, it seemed appropriate for the altered body
composition. Therefore, programming of REE does not seem
to have taken place. In the case of neutral energy balance,
energy intake equals total energy expenditure. Since REE
includes BMR, the thermic effect of food and energy expended
for growth, the difference between total energy expenditure
and REE represents activity-related energy expenditure36.
Energy intake minus REE, or activity-related energy expendi-
ture, was reduced in FR males. Therefore, these animals may
either be less active or expend less energy during their activity.
In adult rats, the energy expended for growth is negligible. If
during the development of these animals, energy intake was
also reduced without a change in BMR, there may have been
less energy available for growth. This may explain, at least
in part, the permanent reduction in body weight, body length
and BMI in the animals in the present study.
Early and late effects. When analysing data on late
effects of early insults, it is important to separate the effects
of the early insult from those of events later in life37. There-
fore, in the present study both unadjusted data and data
adjusted for estimated adult body composition were pre-
sented. Energy intake and REE were both reduced in FR
animals when early size (i.e. control or FR) was the sole
independent variable. Adding estimated adult body compo-
sition as a covariate removed the effect on REE, but not
that on energy intake. This suggests that later events may
have been more important in determining REE than early
postnatal FR, but that the FR was the most important deter-
minant of energy intake in these animals. Here it should be
noted that the adjustment for FFM as advised30,31 is essen-
tial for this result. When adjusted for the less recommended
crude body weight instead of the metabolically active FFM,
energy intake was not significantly different between the
groups (data not shown). This emphasises the importance
Table 1. Body dimensions of control and food restriction (FR) males at the ages of 6 and 12 months
(Mean values with their standard errors)
6 months 12 months
Control (n 14) FR (n 22) Control (n 16) FR (n 21)
Mean SEM Mean SEM Mean SEM Mean SEM
BW (g) 526·4 12·5 461·1*** 8·7 604·2 11·9 538·4*** 11·4
eFFM (g) 400·0 9·5 373·5* 7·1 ND ND
BL (cm) ND ND 27·1 0·2 26·1*** 0·1
BMI (g/cm2) ND ND 0·82 0·01 0·79* 0·01
BL, body length; BW, body weight; eFFM, estimated fat-free mass; ND, no data.
Mean values were significantly different from those of the control group at the same age: *P,0·05, ***P,0·001.
Table 2. Energy intake (EI), resting energy expenditure (REE) and EI minus REE of control and food
restriction (FR) males at the ages of 6 and 12 months
(Mean values with their standard errors)
6 months 12 months
Control (n 14) FR (n 22) Control (n 16) FR (n 21)
Mean SEM Mean SEM Mean SEM Mean SEM
EI (kJ/24 h) 310·9 6·7 280·3** 5·1 309·8 23·8 280·7** 25·4
REE (kJ/24 h) 205·6 5·5 187·2** 3·6 216·2 4·1 200·3** 4·0
EI 2 REE (kJ/24 h) 105·2 4·1 93·1* 3·6 93·6 4·5 80·4* 4·3
Mean values were significantly different from those of the control group at the same age: *P,0·05, **P,0·01.
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of choosing the appropriate parameter for adjustment of
energy balance data. The difference between energy intake
and REE, or activity-related energy expenditure, was inde-
pendent of adult size and therefore the differences between
the groups were most probably due to the early postnatal
undernutrition in the FR group.
If the differences between the groups are to be attributed to
true programming, the effects must be permanent. Therefore,
the animals were tested in adulthood. Animals were retested
when middle-aged at the age of 1 year to verify whether the
effects were truly permanent. Since similar results were
obtained at both ages studied, we are rather confident that per-
manent programming really occurred.
Energy balance in other models. Postnatal manipulations
of litter size appear to yield consistent results. Other studies
using large litters have also found a permanently reduced
body weight8,10,12,13,33 and fat mass12,13, a lower food intake
in young adulthood8 and a far lower cumulative absolute
food intake from weaning until over a year of age10. Studies
using overfeeding in small litters have found opposite results:
animals were permanently heavier than control animals8,38,39,
had an increased fat mass or BMI38,39 and had a larger absol-
ute food intake in young adulthood8,38,39. New in the present
study is that food intake of male FR rats was not only signifi-
cantly lower in absolute terms, but it was even reduced when
their altered body composition was taken into account.
In comparison with the present observation of an appropri-
ately reduced REE, a previous study using early postnatally
overfed small litter male rats showed increased total energy
expenditure at the age of 5 weeks, but not in older animals40.
Comparing the results of the present study with those of
others that used different models of perinatal undernutrition
is more complicated, however, as the direction of the
changes observed appears to be highly dependent on the
exact timing, type and severity of malnutrition4–6. Maternal
‘caloric’ and protein restriction during gestation or lactation
have produced an increased, reduced or normal body weight
and fat mass in adulthood5,7,9,11,14, depending on the timing
and severity of malnutrition. Moreover, 50% FR of the dam
during gestation increased adult food intake, but the same
insult during lactation did not9, whereas a low-protein diet
during lactation reduced adult food intake11. In general, a
lower food intake has been found in models with incomplete
catch-up growth, whereas a higher food intake was found
after postnatal overnutrition or prenatal undernutrition fol-
lowed by overcomplete catch-up. Studies using prenatal
maternal malnutrition have found reductions in total
energy expenditure with unaltered REE (suggesting reduced
activity-related energy expenditure)41 and an actual
reduction in activity levels42,43 in adult males, a conse-
quence also suggested by the results of the present study.
In contrast, activity was not reduced in our previous study
Fig. 3. Relationship between estimated body composition and energy intake
at 6 months (A) and 12 months (B) in control (A, - - -, n 14 in (A), n 16 in (B))
and food restriction rats (B, ——, n 22 in (A), n 21 in (B)). The given P values
indicate a significant effect of experimental group on energy intake when the
estimated fat-free mass was included as a covariate.
Fig. 4. Relationship between estimated body composition and resting energy
expenditure (REE) at 6 months (A) and 12 months (B) in control (A, - - -, n 14
in (A), n 16 in (B)) and food restriction rats (B, ——, n 22 in (A), n 21 in (B)).
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in young adult males that were prenatally growth restricted
by bilateral uterine artery ligation44.
Unlike the early postnatally food-restricted rats, most of
the humans that are born small for gestational age or after
intra-uterine growth restriction catch up during infancy45.
However, it was shown that prepubertal children born
small for gestational age that did not catch up had a food
intake below the recommended energy intake for their
age46. These data seem to be in accord with the reduced
food intake in the early postnatally food-restricted rats
with incomplete catch-up growth in the present study.
Studies in neonates have suggested that infants that are
born small for gestational age have a higher energy expen-
diture per kg body weight or FFM than weight-matched
controls47,48. Although these data on REE relate to acute
instead of long-term effects, they do indicate that perinatal
malnutrition can also affect energy expenditure in man.
The differences outlined above warn us to exert extreme
caution when attempting to extrapolate outcomes of perinatal
malnutrition, not only between rats and man, but also between
different animal models. Seemingly comparable manipulations
of pre- or early postnatal nutrition can yield widely differing
results4–6.
Because of the different timing of birth relative to devel-
opment, early postnatal FR in rats is probably somewhat
similar to undernutrition in human fetuses during the third
trimester, although the potential for catch-up growth is evi-
dently different between the two. It could be speculated that
the window of plasticity for body dimensions, adiposity and
food intake may close before the end of the lactation period
in rats, whereas in man it may extend into the postnatal
period.
Technical considerations. A concern when using large lit-
ters to reduce early postnatal food intake is the lack of control
over the distribution of the available milk within litters. There
may be competition between the pups over the milk supply
and as a consequence the pups in a litter may be food
restricted to different degrees49. The fact that the variance in
body weight during the lactation period was similar between
control and FR males suggested that in the present study all
FR pups were food restricted roughly to the same degree.
The energy balance measurements in the present study
were restricted to adult male rats. Investigating the
possible effects of FR on energy expenditure in females
would be interesting. Unfortunately, we were unable to
investigate this, because of the limitations of the metabolic
monitor.
In the present study, actual measurements of FFM were not
available. The variables eFFM and BMI were chosen as esti-
mates for FFM. By extrapolating the percentage of FFM from
one population to another, we introduced an uncertainty.
Especially because at 6 months the population of the present
study was heavier than that used in the other study12, most
probably because of the different diets the animals received.
Therefore, energy intake and REE were also determined at
another age, when BMI was available as a parameter of
body composition. Although it is usually employed for its
correlation with fat mass, BMI describes body weight relative
to length, and hence does not discriminate between fat mass
and FFM. It therefore also increases with increasing FFM50.
The fact that the analyses using these different covariates
produced comparable results at both ages suggests that the
estimates BMI and eFFM were equally suitable approxi-
mations for FFM.
Implications. In the present study, we showed that male rats
that were food restricted early postnatally remained lean with a
reduced food intake in adult life. This fits in with the relatively
recent idea that promoting catch-up growth in low birth weight
infants may not be beneficial for their long-term outcome. Sev-
eral studies in man as well as in animals have suggested that fast
and early catch-up, sometimes through super-nutritious food,
can be detrimental14,43,51,52. On the other hand, rats with this
modest phenotype may not have sufficient supplies for normal
growth23,26 and possibly other matters such as reproduction24,25
and locomotor activity. In summary, the present study demon-
strates that in rats early postnatal FR can programme energy bal-
ance in later life. The present study provides additional support
for the hypothesis that early nutritional insults may have long-
term metabolic consequences.
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